Abstract: This paper presents an efficient model, which can be computed in seconds, for the coupling of external electromagnetic fields to the contents of an enclosure via wire penetrations. The coupling path accounts for the coupling of an external electric field to a wire penetration that establishes an internal electric field via the connect and internal wire segment. The internal electric field then couples onto another victim wire segment, inside the box. The accuracy of the model is demonstrated by the good agreement obtained between predicted induced voltage on the victim wire segment, and experimental measurements.
Introduction
An important mechanism for the coupling of electromagnetic fields to the interior of an enclosure is through wire penetrations. This paper presents an efficient and accurate model for this type of coupling. An external electromagnetic field induces a current onto an external wire which penetrates an enclosure via a connector. The current on the internal segment of the wire penetration will then excite an internal electromagnetic field in the form of propagating and evanescent waveguide modes within the enclosure. The internal electromagnetic fields can also induce currents on other structures within the enclosure and in this work another wire segment, or monopole is considered.
In the model described, the wire penetrations are represented as monopoles. Equivalent circuits for these monopoles, external source and a transmission line representation of the enclosure waveguide modes are used to represent the complete coupling path. It is generally accepted [1, 2] that the method of moments (MOM) [3] gives accurate results for the impedance of dipole or monopole antennas. We have, therefore, used an empirical approximation for the monopole equivalent circuit impedance and effective length (hence antenna factor). This approximation is derived from the analysis of a number of MOM simulations and is similar to that proposed in [4, 51. This equivalent circuit for the monopole is then incorporated into an equivalent circuit model of the coupling of the electromagnetic fields to the wire penetrations and for the excitation of the enclosure internal electromagnetic fields [6] .
Theory
The problem studied is as depicted in Fig. 1 . In Fig. 1 an external field impinges on an external wire (monopole A) protruding from a cuboidal box. The wire passes through a BNC connector to a second shorter wire (monopole B) inside the box. The second wire excites electromagnetic fields within the box and these are sensed by a third wire (monopole C). The signal picked up by wire C is passed to a receiver (network analyser) via a 50Q coaxial cable where the received power is measured. In the analysis of this experiment antenna models of the wires are produced and a model for the electromagnetic coupling of the wires within the box are developed. 
Wire radiators
Wire radiators affect EMC by emitting and absorbing radiation in the same way as monopole/dipole antennas. Thus to describe a wire radiator in circuit solutions of EMC problems, the antennalike properties of the wire are represented by an equivalent circuit in combination with an effective length function. To enable an efficient computational solution of the circuit model, the frequency-dependent impedance and effective length functions arc approximated using simple expressions. As described in [4] , the variation of a dipole's input impedance over a wide frequency range can be modelled as an equivalent circuit containing frequency dependent lumped elements. Further research along these lines by [5] identified the four element circuit model used in this paper. To the authors' knowledge, an approximation to the frequency-dependent effective length function has not previously appeared in the literature. Fig. 2 shows the model of a dipole (monopole) antenna: Using s to represent the complex frequency, E'(') is the component of the incident electric field polarised in the direction of the antenna, k,(s) is the frequency-dependent effective length function, Z&) is the self impedance, ZL(s) is the load impedance and the voltage developed across the load is VL6). For a monopole above ground the self-impedance and effective length is exactly half of that given by (2) and (10) where h is the monopole length.
Electric dipole coupling to waveguide
Inside a metallic enclosure a wire penetration will excite electromagnetic fields as waveguide modes. Consider a short current carrying wire element AB (electric dipole) which is placed inside the waveguide in the near constant plane z=z,, of any orientation, and let the waveguide be short circuited at z=O and
z=-d.
Using the transmission line analogy, the schematic equivalent circuit for a particular mode n is as in Fig. 6 . A voltage on the transmission line will induce a current on the dipole. Likewise, a voltage on the dipole will induce a current in the transmission line. The principle of reciprocity dictates that the magnitude of these effects are the same, so that we can model the interaction by a mutual capacitance C where Idip = jwcvWG (14) and (15) the currents, voltages and capacitance are all considered to act in the plane z=z,, the location of the dipole or wire element. This is a reasonable assumption if the dipole is short or if it is oriented in the x-y plane. Considering the electric fields of a mode n (TE or TM) produced by the forward voltage 
Zz; = j c~C (~) V $ i ( z~) (17)
Assuming that in the absence of a cavity the wire element or dipole carries a current IsoUrce, the dipole currents from each mode combine with I, , , , ,
to produce a total current on the dipole of n=l
The back current source in transmission line k (see Fig. 5 ) is then given by
The arrangement for the receiving wire penetration has an equivalent circuit comprising of two monopoles, one external (monopole A) with self-impedance Z, and one internal (monopole B) with self impedance Z, , as shown in Fig 7. The capacitance for the BNC connector can be found from standard equations [7] and was calculated to be 1.39 pF. This is used to derive the source current as from rearranging (1) we have
The complete input circuit for the internal section of wire penetration is then as given in Fig. 8 . The voltage source in Fig. 7 is replaced by the current source I,,,, (20) in series with the selfimpedance Z,. This then is coupled to a current source I+ representing the coupling of the internal fields to the wire (monopole B). 
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Zint where E(") is the combined electric field produced by both forward and reverse voltages of mode n. The voltage reflection coefficient V:' ") / bo"" is equal to -1 for a short circuit at z=O.
Since the forward and reverse components of E(") depend linearly on 5"") and V,"'") respectively, both of these terms can be eliminated from (16), enabling the mutual capacitance C") to be calculated. Details of this calculation are shown in [9] . Zin, is the self-impedance of the wire element given by (2).
Wire to waveguide mode coupling
Consider the first N lowest order modes, each with its own mutual capacitance cc" to the electric dipole, located in the plane z=zc 
Multimode wire to wire coupling
The equivalent circuit of Fig. 8 may be extended to include two wires, and to take into account several modes of propagation. Figure 9 illustrates the resulting equivalent circuit, where for simplicity only two modes are shown, the TElo and TE20 modes.
There are eight nodes in Fig. 9, labelled 1, li, 2, 2i 1 9) with k referring to the TElo and TEZ0 modes respectively.
The circuit may easily be extended to include higher order modes. For each additional mode n, an extra analogous transmission line is added to the circuit (with its associated current sources and impedances), similar to the two transmission lines illustrated in Fig. 9 . Two extra current sources, one across Id@ and the other across IdjpC, are also added to the circuit for every additional mode considered. These extra current sources provide the coupling of the voltage on the analogous transmission line for mode n to the source and victim wires illustrated in Fig. 9 , as prescribed by (17). They are linearly dependent on the mutual capacitances CB@) and CC") between the analogous transmission line and the source and victim wires respectively. The process of current combination described by (1 8) takes place on both the input and output circuits of Fig. 8 , while completion of the mode coupling process described by (19) is effected by current sources such as IwBl and Iwcl which are strapped across the analogous transmission lines. Once again, IwBl and IwcI are linearly dependent on Cs(") and c,", respectively.
The mutual capacitance for waveguide mode mn for the source wire (monopole B) can be derived from (1 6) and can be reduced to
The victim wire is loaded by the 50!2 cable impedance. The mutual capacitance of the victim wire (monopole C) for waveguide mode mn, found from (1 6), and can be reduced to where the waveguide width is a and terms s and transverse wave impedance Z,, are defined in the appendix. The isolated wire results embodied in ( 1 7) to eliminate the effect of the 'hidden' voltage across the 5OQ resistance in the output circuit of Fig. 8 . The remaining coupling capacitances and current sources are treated in a similar fashion for all the other modes considered. This complication arises in the theory simply because the wires cannot be totally isolated from the waveguide walls.
EXPERIMENTAL MEASUREMENTS

Antenna
The full experimental arrangement inside the screened room and inside the anechoic chamber is as shown if Fig. 9 . In the screened room a Log-periodic antenna was used and in the anechoic chamber a Bilog antenna was used. The external wire was 8cm long and the internal wires B and C were 5cm and 2.1 cm respectively. All wires are 0.8mm diameter and located along the centre line of the box (x=uL'). The initial box was of dimensions 29.2cm x29.2cmxl1. Only the TElo mode was considered in the theoretical results of Fig. 10 and 11 . The experiments of Fig. 10 and 11 were repeated using a larger box of dimensions 60cmx50cmx3cm. This larger box supported several propagating mode below IGHz. The source and victim wires were also located off centre so that several modes were excited other than the TElo mode. In this case wire A wise identical to the earlier experiments while wires B and C consisted of wire sections of length 5cm and diameter Imm. In this case the TE and TM modes up to and including m=4 and n=4, is compared with the experimental results. The results are shown in fig. 12 and it again gives very good agreement between theory and experiment. Below 300 MHz the results are masked by the noise level of the amplifier. 
